Introduction
============

Cancer is one of the most serious public health problems worldwide (Siegel et al., 2017). Breast cancer, in particular, is the most frequent among women, showing elevated incidence and a high mortality rate (Jemal et al., 2011).

In the search for cancer preventing drugs and treatments with few or no side effects, numerous studies have investigated medicinal plants (Greenwell and Rahman, 2015) combined with modified drug delivery systems such as a polymer matrix (Tran et al., 2011). The use of polyethylene glycol (PEG) stands out for its valuable pharmacological properties that allow modulated and prolonged drug action (Reinaque et al., 2012). PEG has been used as a carrier of different microparticulate drugs delivered in oral and parenteral systems developed to treat a number of diseases, including cancer (Gulapalliand-Mazitelli, 2015).

The combination of medicinal plants and polymer matrices raises the possibility of developing new drugs and treatments. For instance, a recent study found that a mixture of plant extracts adsorbed onto PEG microspheres have antitumor effects, and the authors suggested that the participation of blood mononuclear (MN) cells is important in achieving that result (Ribeiro et al., 2018).

The Brazilian Cerrado is the second largest biome in South America and the richest tropical biome in the world in terms of biodiversity (Sano et al., 2010). Being a rich source of bioactive compounds, fruits from the Cerrado are a promising alternative for developing medicines (Bailão et al., 2015). That is the case of the fruits of mangaba, *Hancornia speciosa*, a plant from the Apocynaceae family that is typical from the Brazilian Cerrado. Mangaba fruits contain a large amount of ascorbic acid (Carnelossi et al., 2004), and therefore they have great potential to sequester free radicals (Rufino et al., 2010). Despite exhibiting these properties, the action of *H. speciosa* fruit on tumors has yet to be studied.

The ethanolic extract of the *H. speciosa* fruit exhibits cytotoxic activity, and the pulp has an antimutagenic effect on the bone marrow and colon tissue of mice (Lima et al., 2015). Other beneficial effects have been reported such as protection against cardiovascular diseases due to its antioxidant components (Melo et al., 2006; Quideau et al., 2011), reinforcing its potential as a medicinal plant.

Strategies to eliminate tumor cells include unbalancing their oxidative metabolism (Ray et al., 2012) and strengthening the antitumor effects of bioactive compounds using polymer-based drug delivery systems (França et al., 2016; Honorio-França et al., 2016; Silva et al., 2018). Given that H. speciosa fruit contains bioactive components with antioxidant activity that likely modulate the oxidative stress of tumor cells, the present study produced PEG microspheres adsorbed with *H. speciosa* ethanolic extract (HSEE) and tested their effects on MCF-7 human breast cancer cells in co-culture with blood MN cells.

Materials and Methods
=====================

*Ethanolic extract preparation (EE)*

Hancornia.speciosa fruits were collected by R.L. Araújo in November 2016, on the outskirts of Barra do Garças, Mato Grosso (MT) state, Brazil (15º53'24''S, 52º15' 24''W; 318 m altitude). An *H. speciosa* specimen was deposited in the herbarium of the Federal University of Mato Grosso, Pontal do Araguaia, MT, Brazil. After ripening, the fruits were washed in water, had the seeds removed and were then macerated with ethyl alcohol (1:5, m.v-1) in an amber glass flask, left to stand for 15 days at room temperature (25°C), and shaken once a day. The liquid was then filtered using an analytical funnel, distilled in a rotary evaporator (Fisatom-801) and incubated at 45°C (BioPar-527) to remove the alcohol. The *H. speciosa*ethanolicextract (HSEE) obtained was adjusted to a final concentration of 100 ng.mL-1.

*Polyethylene glycol (PEG) microsphere preparation*

Polyethylene glycol (PEG) 6,000 was used to produce the PEG microspheres applying Scott et al.,'s (2010) protocol, modified by Scherer et al., (2011). Briefly, 20 g of PEG 6,000 was resuspended in 100 mL of 2% sodium sulfate (in phosphate-buffered saline, PBS) and incubated at 37°C for 45 min. After incubation, the PEG microspheres were diluted 3:1 in PBS, washed twice with PBSand centrifuged (500 x g, 5 min). The PEG microspheres were resuspended in PBS. Microphere formation was thermally induced by heating the solution to 95°C for 5 min. For adsorption, PEG microspheres suspended in PBS were incubated with 100 ng mL-1 HSEE at 37°C for 30 min, as described by Reinaque et al., (2012). To determine loading efficiency, PEG microspheres adsorbed with HSEE (PEG-HSEE) or not were labeled with Dylight-488 fluorescent dye (Pierce Biotechnology, Rockford, USA; 10 µg mL-1), by overnight incubation in dimethylformamide at room temperature, at a 100:1 molar ratio of PEG:Dylight. The samples were then analyzed by fluorescence microscopy.

*PEG microsphere characterization by flow cytometry*

Immunofluorescence staining with phycoerythrin (PE) (Sigma, St. Louis, USA) was used to compare the ability of PEG and polymethylmethacrylate microspheres (CaliBRITE - BD, San Jose, USA) to bind fluorescent markers. The PEG microspheres, adsorbed or not onto HSEE, were incubated with 5 µL of 0.1 mg mL-1 PE at 37°C for 30 min. After incubation,the PEG microspheres were washed twice in PBS containing 5 mg mL-1 BSA centrifuged (500 x g at 4°C for 10 min) and analyzed by flow cytometry (FACS Calibur, BD, San Jose, USA). The size of the PEG microspheres, calculated by forward scattering (FSC), was compared to that of BD microspheres (6µm CaliBRITE 3 Beads, BD Cat. No340486, San Jose, USA), bound or unbound to PE (Scherer el., 2011).

*Subjects*

The subjects consisted of 32 healthy men aged between 18 and 35 years, with no diagnosed diseases such as hypertension and diabetes, who abstained from drinking alcohol and smoking. A 15 mL blood sample was collected from each subject. The study was approved by the ethics committee of the Federal University of Mato Grosso, Araguaia Campus (CAAE Protocol Number: 1.415.375) and all the volunteers gave their written informed consent.

*Mononuclear (MN) cell isolation*

The blood samples were collected in heparinized (25 U.ml^-1^) tubes, and fractionated by Ficoll-Paque density gradient centrifugation (density 1.077 g.L^-1^, 160 x g for 30 min) (Pharmacia, Upsala, Sweden). This procedure resulted in 98% pure mononuclear (MN) phagocyte preparations, as analyzed morphologically by light microscopy. Purified MN phagocytes were resuspended independently in serum-free medium 199 to a final concentration of 2x10^6^ cells/mL (Honorio-França et al., 2013).

The MN cells obtained were pre-incubated with or without 50 µL of 100 ng.mL^-1^ HSEE, 50 µL of PEG microspheres or 50 µL of 100 ng.mL^-1^ PEG-HSEE. The cells were then resuspended in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS - Sigma, St. Louis, MO, USA), penicillin (20 U.mL^-1^) and streptomycin (20 µg.mL^-1^) (Sigma, St. Louis, MO, USA) at 37°C for 24 h, in a humidified atmosphere containing 5% CO~2~. The MN cells were then washed twice and used in the assay.

![Fluorescence Microscopy Image of Polyethylene Glycol (PEG) Microspheres Stained with Dylight-488 (100x - panels - A). PEG microsphere (Figure 1A); PEG microsphere adsorbed to 100 ng.mL^-1^ *H. speciosa* ethanolic extract (Figure 1B). Comparable results of 5 replications](APJCP-20-1995-g001){#F1}

###### 

Viability of MN Cells, MCF-7 Cells and co-cultured MN and MCF-7 Cells Exposed to *H. speciosa* Ethanolic Extract, PBS, PEG Microspheres or PEG Adsorbed with HSEE (PEG-HSEE).

             MN Phagocytes   MCF- Cells   Co-culture
  ---------- --------------- ------------ ------------
  PBS        96±3.5          96±1.4       96±1.9
  PEG        296±2.6         92±3.5       96±2.9
  HSEE       96±1.5          96±3.8       99±3.0
  PEG-HSEE   99±2.6          95±4.0       97±3.6

Note: The results are expressed as mean ± SD (N=6). Phosphate buffered saline (PBS); Polyethylene glycol (PEG) microspheres; *H. speciosa* ethanolic extract (HSEE); *H. speciosa* ethanolic extract adsorbed onto PEG microspheres (PEG-HSEE).

p\<0.05, comparing treated to non-treated cells (PBS); +P\<0.05, comparing PEG, HSEEand PEG-HSEE treatments;

P \<0.05, comparing MN, MCF-7 and co-cultured MN and MCF-7 cells.

###### 

Superoxide Dismutase (SOD) Levels in the Culture Supernatant of MN Cells, MCF-7 Cells and Co-Cultured MN and MCF-7 Cells Exposed to PBS, *H. speciosa* ethanolic extract, PEG microspheres or PEG adsorbed with HSEE (PEG-HSEE)

             MN Phagocytes                              MCF- Cells                                                                 Co-culture
  ---------- ------------------------------------------ -------------------------------------------------------------------------- --------------------------------------------------------------------------
  PBS        14.3±1.0                                   77.9±3.8[\#](#TFN4){ref-type="table-fn"}                                   75.5±5.1[\#](#TFN4){ref-type="table-fn"}
  PEG        17.4±.1.0                                  69.5±6.4[\*](#TFN3){ref-type="table-fn"}[\#](#TFN4){ref-type="table-fn"}   64.1±6.8[\#](#TFN4){ref-type="table-fn"}
  HSEE       6.28±0.6[\*](#TFN3){ref-type="table-fn"}   77.6±1.5[\*](#TFN3){ref-type="table-fn"}[\#](#TFN4){ref-type="table-fn"}   86.4±6.6[\*](#TFN3){ref-type="table-fn"}[\#](#TFN4){ref-type="table-fn"}
  PEG-HSEE   27.0±1.1[\*](#TFN3){ref-type="table-fn"}   86.5±8.4[\#](#TFN4){ref-type="table-fn"}                                   85.0±9.8[\*](#TFN3){ref-type="table-fn"}[\#](#TFN4){ref-type="table-fn"}

Note: The results are expressed as mean ± SD (N=6). Phosphate buffered saline (PBS); polyethylene glycol (PEG) microspheres; *H. speciosa* ethanolic extract (HSEE); *H. speciosa* ethanolic extract adsorbed onto PEG microspheres (PEG-HSEE).

p\<0.05, comparing PEG, HSEE and PEG- HSEE treatments for a same type of cell;

P \<0.05, comparing MN, MCF-7 and co-cultured MN and MCF-7 cells within a same treatment.

![PEG Microspheres Stained with Phycoerythrin (PE) and Standard PE-Labeled Polymethyl Methacrylate Microsphere (BD Microsphere, Becton Dickinson, San Jose, USA), with Fluorescence Intensity and Size Determined by Flow Cytometry (FACScalibur, Becton Dickinson, San Jose, USA). Microsphere size according to forward scatter (A); geometric mean of the microsphere adsorbed with 100 ng.mL-1 *H. speciosa*ethanolic extract (B).](APJCP-20-1995-g002){#F2}

![Superoxide Release by Blood MN(A), MCF-7(B) and Co-Cultured MN and MCF-7 Cells (C) Incubated with PBS, PEG, *H. speciosa*Ethanolic Extract (HSEE) Alone or Adsorbed to PEG Microspheres (HSEE-PEG) after 24-h Culture. Data are expressed as mean ± SD. \*difference between the treatments PEG, HSEE and PEG- HSEE for a same cell type (P\<0.05); \# difference between MCF-7and co-cultured MN and MCF-7 cells within a same treatment (P \<0.05)](APJCP-20-1995-g003){#F3}

*MCF-7 cell culture*

Subconfluent monolayers (80%) of MCF-7 cells were treated with trypsin (Sigma, St. Louis, USA) at a concentration adjusted to 5x10^6^cells.mL^-1^. The trypsinized cells were pre-incubated for 24h with or without 50 µL 100 ng.mL-1 HSEE, 50 µL of PEG microspheres or 50 µL of 100 ng.mL^-1^ PEG-HSEE. The cells were then resuspended in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA), penicillin (20 U.mL^-1^) and streptomycin (20 µg.mL^-1^) (Sigma, St. Louis, MO, USA) at 37°C for 24 h in a humidified atmosphere containing 5% CO~2~.

*Co-culture of MNand MCF-7 cells*

Cell co-culture systems incorporating MN and MCF-7 cells (5x10^6^cells.mL^-1^) were performed using the same protocol described by Ribeiro et al., (2018).

After the co-cultures were incubated, they were washed twice and used in the experiments. The cells were evaluated in suspension by flow cytometry because aliquid medium allows the suspended cells to flow one at a time.

*Cell Viability assay*

Cell viability was evaluated using the Bellinate-Pires (1989) acridine orange method modified by Honorio-França et al., (1997). Equal volumes of cell suspensions (MN, MCF-7 or their co-culture cells, treated or not with HSEE or PEG-HSEE) were mixed and incubated at 37°C for 3 h under continuous stirring. The cells were resuspended in serum-free 199 medium and centrifuged. The supernatant was discarded and the sedimentstained with 200 µL acridine orange (Sigma, St Louis, USA; 14.4 g.L^-1^) for 1 min. The sediment was resuspended in cold 199 medium, washed twice and observed under fluorescence microscopy at 400x and 1.000x magnification.

The viability index was calculated by counting the number of orange-stained (dead) and green-stained (alive) cells (França et al., 2011) in 100-cell pool samples. The experiments were performed in duplicate.

*Superoxide anion release*

Superoxide release was determined by cytochrome C (Sigma, St Louis, USA) reduction (Honorio-França et al., 1997). Briefly, MN, MCF-7and co-cultured MN-MCF-7 cells, treated or not with HSEE or PEG-HSEE, were mixed and incubated for 24h and centrifuged (160 x g, 10 min). The cells were then resuspended in PBS containing 2.6 mM CaCl~2~, 2 mM MgCl~2~, and cytochrome C. The suspensions (100 μL) were incubated at 37°C for 1 h on culture plates. A control group was used to test the spontaneous release of untreated cells. The reaction rates were measured by absorbance at 550nm, and the resultsexpressed as nmol.O^2-^. The experiments were performed in duplicate.

*CuZn-superoxide dismutase determination (CuZn-SOD -- E.C.1.15.1.1)*

The CuZn-SOD enzyme was determined in the supernatant of the culture of MN, MCF-7or co-cultured MN and MCF-7 cells, treated or not with HSEE or PEG-HSEE, using the nitroblue tetrazolium (NBT) reduction method (Sigma, St Louis, USA). Individual 0.5 mL aliquots of supernatant (MN, MCF-7or co-cultured cells) were placed in glass tubes. Another tube was prepared with 0.5 mL of a standard hydroalcoholic solution. Next, 0.5 mL of chloroform-ethanol solution (1:1 ratio) and 0.5 mL of reactive mixture (NBT increased by EDTA) were added to the tubes. The experimental and standard solutions received 2.0 mL of carbonate buffer, and the pHincreased to 10.2 after the addition of hydroxylamine. The tubes were left undisturbed at room temperature for 15 min and then read at 560 nm. Superoxide dismutase was calculated as follows:

CuZn-SOD = (Ab standard - Ab sample / Ab standard) x 100= % reduction of NBT / CuZn\--SOD.

The results were expressed in international units (IU) of CuZn-SOD.

*Statistical analysis*

Analysis of variance (ANOVA) with the F-test followed byTukey's multiple comparison test were used to evaluate cell viability, superoxide release and superoxide dismutase of MN, MCF-7or co-cultured MN-MCF-7 cells, treated or not with HSEE or PEG-HSEE. Statistical significance was considered at p\<0.05.

Results
=======

*Characterization of PEG microspheres*

Examination of the PEG microspheres under fluorescence microscopy showed that they retained the spherical structure with no deformities ([Figure 1A](#F1){ref-type="fig"}). The images also showed that the microspheres absorbed HSEE on their surface PEG ([Figure 1B](#F1){ref-type="fig"}).

[Figure 2A](#F2){ref-type="fig"} compares the fluorescence intensity of PEG microspheres to that of PEG microspheres adsorbed with HSEE and standard BD microspheres. After HSEE adsorption, the geometric mean fluorescence intensity of the PEG microspheres changed and their size increased ([Figure 2B](#F2){ref-type="fig"}).

*Cell Viabilty*

The viability of MN, MCF-7 and their co-culture cells was not affected by incubation with HSEE (adsorbed or not onto PEG microspheres) and was similar to that obtained after incubation with culture medium alone. The cell viability index values were above 90% ([Table 1](#T1){ref-type="table"}).

*Effects of PEG-HSEE on Superoxide Release*

Superoxide release by MN and MCF-7 cells did not change after treatment with HSEE alone or PEG-HSEE ([Figures 3A and 3B](#F3){ref-type="fig"}), but did increase in co-cultured MN and MCF-7 cells treated withHSEE and PEG-HSEE ([Figure 3C](#F3){ref-type="fig"}).

*Effects of PEG-HSEE on Superoxide Dismutase (Cu-Zn-SOD)*

In MN cells, the superoxide dismutase (SOD) levels in culture supernatant were lower in the HSEE treatment and higher in PEG-HSEE. MCF-7 cells generally showed the highest SOD levels, but were lower when treated with HSEE. In co-cultured cells, SOD levels in culture supernatant were higher in the PEG-HSEE treatment ([Table 2](#T2){ref-type="table"}). MCF-7 cells and co-cultured cells showed the highest SOD levels, irrespective of HSEE treatment ([Table 2](#T2){ref-type="table"}).

Discussion
==========

The combination between plants and polymer matrices raised the possibility of developing new drugs to treat or prevent a number of diseases, including cancer. In the present study, we produced PEG microspheres adsorbed with ethanolic extract of *Hancornia speciosa* (PEG-HSEE) and tested their effects on the oxidative stress of blood MN phagocytes co-cultured with MCF-7 human breast cancer cells. HSEE exhibited activity against MCF-7 cells. It activated blood MN cells, as indicated by the increase in superoxide release and SOD levels, determining a balance of the mechanisms involved in cellular oxidative stress.

PEG is a copolymer used in the clinical administration of drugs due to its adsorption capacity (Gang and Si-Shen, 2003). In the present study, the interaction of PEG microspheres with blood phagocytes co-cultured or not with MCF-7 cells did not affect the viability of the cells tested, suggesting that HSEE is non-toxic. Other plant extracts have shown a similar non-toxic response (Scherer et al., 2011; Reinaque et al., 2012; Cortês et al., 2013; Ribeiro et al., 2018). In fact, plant extracts can activate the immune system to help in the treatment of diseases without compromising the viability of the immune cells involved (Hasani-Ranjbar et al., 2008).

Superoxide release was higher in MN phagocytes co-cultured with MCF-7 cells and treated with HSEE, adsorbed or not onto PEG microspheres, suggesting the stimulatory effect of the extract on MN cells.

The production of free radicals by MN cells is an important body defense mechanism (França et al., 2011). The increase in intracellular reactive oxygen species (ROS) levels is a form of inducing cell death. ROS are highly aggressive products of biological reactions that are damaging to the cells. It is important to highlight that ROS are not cellular waste products, but rather signaling molecules that are essential for the body to function properly (Angelova et al., 2016). These molecules are involved in a number of actions, including immune reactions, inflammation, transcription factor regulation and longevity beyond peroxidation of cellular lipids, proteins, carbohydrates and DNA. In the present study, the increase in superoxide release in co-culture of MN and MCF-7 cells with the use of HSEE may be an important mechanism for preventing and treating breast cancer.

The balance between pro-oxidant and antioxidant mechanisms is extremely important because they can trigger ROS-induced apoptosis (Maritim et al., 2003). The increase in SOD observed in the MCF-7 cells under study, however, was not associated with an increase in superoxide release. In general, antioxidant mechanisms protect cells, but paradoxically they can induce the death of tumor cells (Skrzydlewska et al., 2001).

Changes in the oxidative metabolism of tumor cells may unbalance the production of antioxidant enzymes such as SOD (Sriram et al., 2008). In addition, higher SOD activity after the use of antioxidants explains the decrease in superoxide levels (Mannerlig et al., 2010). An interesting result is the reduction in SOD levels with HSEE treatment, which was possibly a compensatory response to the imbalance between pro-oxidant and antioxidant mechanisms and a form of preventing tumor cell defense against antioxidants.

One noteworthy aspect is that SOD in cancer has a dual role: while its high activity prevents the development of a favorable environment for inflammatory cancer (Becuwe et al., 2014), it may also enhance the invasive potential of cancer once the disease has established itself (Li et al., 2015). As such, the introduction of H. speciosa fruit in the diet of women at risk for developing breast cancer may be a feasible strategy to prevent this type of tumor.

In co-cultured MN and MCF-7 cells, PEG-HSEE treatment increased superoxide release and produced the highest SOD levels. The result suggests that the antioxidant system of MN cells was maintained as was oxidative balance, which may contribute to controlling tumor cells, since it prevents an inflammatory environment capable of eliminating other body cells (Kim et al., 2007). Moreover, SOD has the important role of converting O~2~- into hydrogen peroxide (H2O2), which in the absence of transition metals, shows low reactivity between organic molecules (Kim et al., 2015).

In conclusion, *H. speciosa* fruit extract caused direct effects on the co-culture of MN and MCF-7 cells. The results suggest that fruit consumption should be strongly encouraged for women at risk for breast cancer. In addition, given that the oxidative balance obtained in co-cultured cells treated with the fruit extract adsorbed onto PEG microspheres was maintained, it can potentially be used to combat tumor cells.
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